OBJECTIVE: To investigate the adaptation in substrate utilization to a sudden change in dietary composition from a medium fat to a high fat diet, during a three day period in formerly obese and never obese women. METHODS: Energy expenditure (EE) and substrate oxidation rates were measured in eight healthy formerly obese women and eight never obese controls, during four consecutive days in a respiration chamber. The ®rst day and the day prior to the experiment, the subjects consumed a diet with 30 energy-% fat, whereas the diet had 55 energy-% fat on the subsequent three days. RESULTS: The rate of adjustment of oxidative substrate partitioning expressed as 24 h non-protein respiratory quotient (RQnp) was similar in the two groups. RQnp on each of the days was also similar between the two groups, after accounting for a group difference in energy balance, caused by a non-signi®cantly lower EE in the formerly obese women. However, the formerly obese subjects, demonstrated a greater suppression of postprandial fat oxidation after supper, which was unrelated to energy balance. Furthermore, the formerly obese subjects, in contrast to the controls, exhibited a reduction in plasma triiodothyronine/thyroxine ratio (T 3 /T 4 ) following the high fat diet. A positive correlation between T 3 /T 4 and EE was found in the 16 subjects. CONCLUSIONS: The formerly obese subjects did not show a slower adaptation rate of substrate utilization when challenged with a high fat diet, but exhibited an enhanced suppression of fat oxidation and a lower T 3 /T 4 ratio after supper, when fed a high fat diet.
Introduction
Numerous studies have investigated possible metabolic abnormalities predisposing to obesity. In particular, a poor capacity to oxidize fat has been suggested to be associated with the development of obesity 1 . However, two 24 h whole-body calorimetry studies, 2, 3 where the participants were exposed to diets with a varying macronutrient composition, could only demonstrate a reduced lipid utilization in formerly obese subjects when they were fed a high fat diet.
Energy balance is a strong determining factor for the partitioning between lipid and carbohydrate oxidation, since a surplus or de®cit in energy balance is accounted for by a surplus or de®cit in lipid balance, while carbohydrate oxidation on a 24 h basis relates directly to carbohydrate intake. 4 Furthermore, carryover effects from the diet consumed during the days prior to the experiment, may in¯uence the substrate partitioning. Differences in dietary habits or energy restriction may, therefore, confound the comparison between study groups of short term substrate utilization. Accurate control of energy balance and macronutrient intake, preceding and during the experiment is, therefore, crucial when studying 24 h substrate utilization rates.
Macronutrient manipulation of energy balance has been reported to induce a rapid shift in substrate oxidations. 5 ± 8 However, the immediate adjustment of macronutrient utilization reported in these studies, was in some cases incomplete. In particular, the introduction of a medium fat diet, has been found to cause a transient positive carbohydrate balance, and a negative fat balance, in spite of an energy balance close to zero. 5 ± 8 Provided that energy balance is maintained, these acute substrate imbalances must gradually vanish, as the capacity of the con®ned glycogen stores to act as a substrate buffer is exceeded. Consequently, a study design where indirect calorimetry is performed after several days when an energy balance has been achieved through a diet with a constant macronutrient composition may, in fact, fail to disclose possible differences in the capacity to oxidize lipid.
A more pertinent approach may, therefore, be to study the dynamic response of macronutrient metabolism during a tightly controlled acute change in diet composition. Differences in hormonal or enzymatic determinants of substrate partitioning may thus be revealed, by different rates of increase in lipid oxidation after an acute change from a low to a high fat diet. To provide a comprehensive evaluation of the dynamics in the adjustment of substrate utilization to dietary alterations, indirect calorimetry studies are required where energy and macronutrient balances are assessed throughout a period of several days. In the present study, whole-body indirect calorimetry was conducted for a period of four consecutive days, to clarify whether individuals with a predisposition to obesity demonstrate a delayed adjustment of substrate oxidation rates or an abnormal hormonal response when exposed to a sudden rise in the fat content of an isocaloric diet. Hour by hour pro®les of non-protein respiratory quotient (RQnp) were compared to disclose possible differences in the response to daily activities.
Methods

Subjects
Eight formerly obese women and eight never-obese matched controls, were accommodated in a respiration chamber (described in detail in Ref. 9 for four consecutive days. The majority of the formerly obese subjects were recruited from a group of women who had participated in dietary slimming programmes at our department. All subjects had been weight stable ( AE 2 kg) for a three month period, documented by questionnaire or by reports from the department's dietitian or the subject's general practitioner. The rate of weight changes (g/d) between the screening examination and the ®rst day of the metabolic measurements, did not differ signi®cantly between the groups (Table 1) . None of the subjects had undergone any surgical procedures to achieve weight loss. All subjects were premenopausal and healthy, without any metabolic or eating disorders. No subjects were pregnant, breast feeding or taking any medication regularly. Three of the formerly obese subjects and four of the controls were smokers. The characteristics of the subjects are presented in Table 1 .
Diet
On the ®rst day in the chamber (day 1) a medium fat diet was given containing 30% energy as fat and 55% energy as carbohydrate. For the remaining three days of the experiment, the diet was changed to a high fat diet containing 55% energy as fat and 30% energy as carbohydrate. The day prior to day 1, the subjects consumed, at home, a diet prepared by the metabolic kitchen, with a composition similar to the medium fat diet of day 1. From an algorithm based on results from previous measurements of energy expenditure (EE) in lean subjects and using a similar protocol, performed at the department, 24 h energy requirements of each subject were calculated:
EEkJ 153X9 Â fat free mass kg 1166X
The diets were prepared from ordinary food items used in conventional Danish meals. A 10 MJ standard diet was calculated for each of the four experimental days and the day preceding the experiment. Energy content, macronutrient composition and ®bre content, of the diets were calculated by DANKOST dietary assessment software (Danish National Food Agency). The 24 h diets were prepared with differences in energy level of 0.5 MJ, and each subject was appointed to the level closest to her individually calculated energy requirement. Adiabatic bomb calorimetry (IKA, Janke & Kunkel GmbH, Staufen, Germany) was performed on freeze dried samples from the 10 MJ standard diets given on days 0, 1, 2 and 4, to determine their gross energy. We were not able to estimate the energy content of the day 3 diet, because one of the food items was missed in the collection for bomb calorimetry. For the calculation of energy and substrate balances, gross energy of the diet on day 3 was taken to be the mean between the gross energy of the day 2 and day 4 diets.
Three meals were served on each day of the stay in the respiration chamber and virtually all the food was eaten. 1 The macronutrient composition of each meal was the same as the macronutrient composition of the diet for the entire day. Breakfast, lunch and supper constituted 25%, 25% and 50% of the total energy intake, respectively. Fibre content of a 10 MJ diet ranged between 21.8 g on day 4 and 23.3 g on day 3. The subjects were otherwise free to follow their own daily routine, but they were not allowed to take additional exercise. A radio, a television, a video and a telephone were available in the chamber and could be used freely during daytime and evening. All the experiments commenced on Monday morning, but the subjects were accommodated in the chamber from Sunday night. No attempt was made to conduct the experiments while the women were in the same phase of the menstrual cycle, however, ®ve of the subjects in both the study groups were in the luteal phase (calculated from the time of the onset of last menstruation) on the ®rst study day. Smokers were allowed to smoke Prince Light cigarettes and the number of cigarettes was recorded. The oxygen consumption and carbon dioxide production of Prince Light cigarette combustion has previously been measured and could therefore be accounted for when calculating the subject's oxidation. Smoking was allowed between 09.00±23.00 h. The experiments were under constant surveillance by a technician or a medical student. Spontaneous physical activity (SPA) was assessed by a microwave radar (Sisor Mini Radar, Static Input System SA, Lausanne, Switzerland) and heart rate was measured by a telemetry system (Dialogue 2000, Danica Electronics, Copenhagen, Denmark). SPA and heart rate were continuously stored on a hard disk parallel to the gas measurements. Fat free mass (FFM) was assessed on each morning of the experiment by body weight and tetrapolary bioimpedance (ANIMETER, H.T.S. Engineering, Odense, Denmark) using the algorithm given by Heitmann. 10 Fasting blood samples were drawn from an antecubital vein in the morning of day 2, before the ®rst meal of the high fat diet, and in the morning after the 3 d period on the high fat diet. Plasma glucose and lactate concentrations were analysed by standard enzymatic methods. 11 Non-esteri®ed fatty acids (NEFA) was determined as described by Laurell and Tibbling 12 and glycerol was assessed following trichloracetic acid precipitation, according to Chernick. 13 Plasma triglyceride was determined as described by Giegel et al.
14 Plasma insulin and cortisol were assayed using radio immunoassay (RIA) kits (Novo Nordisk, Bagsvaerd, Danmark and Farmos Diagnostica, Turku, Finland, respectively), (intra-assay CV 9% and 4.85% for insulin and cortisol, respectively). For determination of catecholamines, blood was collected in tubes containing reduced glutathione and ethylene glycol-bis(b-aminoethyl ether)-N,N,N H ,N H -tetraacetic acid. The tubes were centrifuged immediately and plasma was stored at 780 C until analysis by a radioenzymatic method, 15 (intra-assay CV 6% and 8% for noradrenaline and adrenaline, respectively). Free thyroxine (T 4 ), and free triiodothyronine (T 3 ), (intra-assay CV 5.3 and 4.75% for free T 4 and free T 3 , respectively) were measured enzymatically by an immunoassay kit (Serozym, SERENO Diagnostics SA, Switzerland). For technical reasons, different kits were used for analysis of thyroid hormones from the two dietary regimens. Comparisons between days of absolute values of free T 3 and T 4 between diets, are therefore not possible. However, a possible inter-assay difference should not invalidate the comparisons between the two groups of diet induced changes in thyroid hormone values, as the interassay difference can be expected to impose the same bias on both groups.
Calculations and statistics
EE and non-protein respiratory quotient (RQnp) were calculated from O 2 uptake, CO 2 production and urinary nitrogen excretion, assuming that 6.25 g protein is oxidized for each g nitrogen excreted in the urine and using the heat equivalent factors given by Brouwer, 16 to calculate EE. To calculate 24 h EE and substrate oxidations, the missing hour was accounted for by extrapolation, assuming that the values for this hour equalled average daytime metabolism (i.e., from 10.00 to 23.00 h). Urine was collected for a daytime interval (10.00±23.00 h) and a night-time interval (23.00±09.00 h). Constant protein oxidation rates were assumed throughout these periods. In addition to total 24 h EE and RQnp, hour by hour RQnp were also calculated.
Differences between the groups in metabolic data and blood plasma concentrations, were tested by simple ANOVA or repeated measures ANOVA, when applicable. Twenty-three-hour RQnp was adjusted to zero energy balance along the regression line of the simple regression of RQnp on energy balance. RQnp was compared to non protein foo quotient (FQnp) in order to evaluate the adaptation in oxidative macronutrient partitioning to the change in dietary composition. The de®nition of FQnp was based on the ratios between carbohydrate and fat in the non-protein part of the diet and calculated as (energy-%np carbohydrate energy-%np fat Â 0.71)a100. Simple or multiple linear regression analyses were deployed to clarify associations. Statistical analyses were performed with STATGRAPHICS (Graphic Software Systems, Rockville, MD) and SPSS 7.5 for Windows (SPSS Inc, Chicago, IL).
Results
Effect of diet on EE and RQnp
The formerly obese subjects tended to have a lower 24 h EE, compared to the never-obese group on each of the four days (Table 2 ), but this difference did not reach signi®cance even when the four days were analysed pooled by repeated measures ANOVA (P 0.12). Furthermore, sleeping EE also failed to demonstrate a signi®cant difference between the two groups (P 0.11 across the four nights, by repeated measures ANOVA). EE declined by 183 kJ from day 1 to day 4 in the total group (P`0.01). When the groups were analysed separately, this decline was only signi®cant in the formerly obese group (248 kJ, P 0.02). However, no day x group interaction was found in 24 h or night EE. Energy balances were negative on each day for the control group. In the formerely obese women, the differences between 24 h EE and metabolizable energy, did not reach signi®-cance because they had a lower average EE ( Table 2 ). The negative energy balance was attributable to an apparent overestimation of the metabolizable energy by the dietary assessment software on which we based the diet preparations. Energy balances did not change across days in any of the two groups (Table 2) .
On day 1, 23 h RQnp did not correlate with the rate of body weight changes (g/d) from the screening examination to day 1 (R 2`0 .01, P 0.89). Twenty three-hour RQnp correlated strongly with energy balance of the actual day on all four days (R 2 b 0.35, P`0.02). On day 1, 23 h RQnp adjusted to zero energy balance, was signi®cantly lower than FQnp in both groups. Oxidative autoregulation did not respond completely to the shift in dietary macronutrient composition on day 2, as adjusted 23 h RQnp was signi®cantly higher than FQnp in both groups on that day. However, no signi®cant difference between adjusted 23 h RQnp and FQnp was found on day 4 (Figure 1) .
A repeated measures ANOVA across all four days, showed no differences in RQnp between the groups when energy balance was included as a co-variable. This analysis showed a signi®cant effect of day but no groupÂday interaction on RQnp, suggesting that the dietary shift similarly affected oxidative substrate partitioning in the two groups.
Twenty three-hour pro®les of RQnp for each group (Figure 2) showed a greater increase induced by the largest meal (supper at 17.30 h) in the formerly obese subjects, than in the controls, during the high fat diet. Comparing the post-prandial increase in RQnp, de®ned as the difference between average RQnp FO=formerly obese. a Medium fat diet; b high fat diet. Energy balances are calculated as metabolizable energy minus respective oxidation. P values refer to differences between study groups in energy expenditure and to differences from zero in the energy balance ®gures tested by one way ANOVA and paired t-test, respectively. The slightly lower calculated metabolizable energy of the high fat diet was due to the ®nding of a lower gross energy content when the diet was analysed by adiabatic bomb calorimetry. Figure 1 Twenty-three-hour non-protein respiratory quotient (RQnp), measured in a respiration chamber, of the whole experimental group during consumption of a medium fat diet (day 1) and after the change to a high fat diet (day 2, day 3 and day 4). Solid line: unadjusted data. Broken line: after adjustment to zero energy balance. Dotted line: non-protein food quotient (FQnp) of the consumed diet. *P`0.05, for difference between RQnp and FQnp. Error bars indicate s.e.m.
Substrate oxidations in formerly obese women
B Buemann et al (between 18.00±21.00 h) and baseline RQnp (between 17.00±18.00 h) by t-tests showed a signi®cantly greater increase in the formerly obese subjects than the controls, for all the three days on the high fat diet, but not on the medium fat diet (Table 3) . The difference between the groups remained signi®cant on day 2 and day 4, after including energy balance of the actual day as a covariate.
Blood analyses, heart rate and spontaneous physical activity
No correlations were found between FFM and the last T 3 aT 4 or 23 h EE measurement (R 2 0.02, P 0.95 and R 2 0.04, P 0.47, respectively). A decrease in free T 3 aT 4 from day 2 to day 5, was found in the formerly obese women (P`0.005), whereas no such change was observed in the control group. The changes differed between the two groups (P`0.05) and a dayÂgroup interaction was detected for free T 3 / T 4 ratio and free T 3 Fasting plasma adrenaline and noradrenaline concentrations on day 5 and FFM, did not correlate with the 3 d EE on the high fat diet (R 2`0 .05). Three-day EE on the high fat diet, correlated positively with free T 3 aT 4 ratio on day 5 in the whole group (Figure 3) although it did not correlate with the respective free T 3 or T 4 concentrations. T 3 aT 4 ratio on day 5, also correlated with sleeping EE during the high fat diet (R 2 0.38, P 0.01). A relationship between free T 3 aT 4 and EE was further supported by the ®nding of a positive association for the whole group in day 1 to day 4 changes in sleeping EE and day 2 to day 5 changes in free T 3 aT 4 (R 2 0.36, P 0.02). Free T 3 and free T 3 aT 4 were lower in the formerly obese women, compared to control subjects, after the 3 d high fat diet period, whereas no signi®cant differences were seen after the 2 d medium fat diet (Table 4 ). An analysis of covariance, demonstrated that day 5 free T 3 aT 4 remained as a determinant of day 4 EE (P 0.02), after the group effect was accounted for as a class variable.
Stepwise regression analysis including energy balance, group membership and smoking, was performed to test whether relationships existed between the fasting hormones measured on day 5 and day 4 RQnp. Amongst insulin, adrenaline, noradrenaline and free T 3 aT 4 insulin was the only hormone which demonstrated a signi®cant relationship with day 4 RQnp. Subsequent simple regression analysis demonstrated a negative relationship between day 5 plasma insulin level and day 4 RQnp, adjusted for differences in energy balance on that day (R 2 0.30, P 0.03). Day 4 RQnp showed a positive association with energy balance in this analysis, whereas group membership had no effect (P 0.42). Simple regression analyses showed a negative correlation between day 4 RQnp and day 5 plasma free fatty acid concentration (R 2 0.43, P 0.01), whereas the trend of a negative relationship between day 4 RQnp and day 5 plasma triglyceride level, did not reach statistical signi®cance (R 2 0.13, P 0.09). Day 5 plasma free fatty acid concentration, was closely negatively correlated with the 3 d energy balance (R 2 0.84, P`0.00005). Fasting plasma glucose concentration, declined from the medium to the high fat diet, without any signi®cant difference between the two groups (Table  5) . Plasma insulin concentrations were not signi®-cantly affected by the change in dietary composition (Table 4) . Plasma triglyceride concentration declined signi®cantly from the medium fat to the high fat diet and tended to be lower in the formerly obese group on both day 2 and day 5 ( Table 5 ). In contrast, the total plasma cholesterol level increased and high density lipoprotein (HDL) to total cholesterol ratio decreased slightly on the high fat diet. The formerly obese subjects had a lower plasma HDL to total plasma cholesterol ratio. Supper commenced at 17.30 h. The hour between 17.00 ± 18.00 h was applied as baseline RQnp period. Postsupper RQnp was de®ned as average RQnp for the 3 h period between 18.00 ± 21.00 h. P values were obtained by comparing the post-prandial increase in RQnp between the groups by two-sided t-test for independent samples. P* values obtained by comparing the post-prandial increase between the groups by one-way ANOVA with inclusion of energy balance of the actual day as covariate.
Substrate oxidations in formerly obese women B Buemann et al
Over the four days, average heart rate was lower in formerly obese subjects (formerly obese vs controls daytime: 72.3 AE 3.3 vs 80.9 AE 2.2 min 71 , P`0.05; night-time: 55.8 AE 2.9 vs 64.0 AE 2.4 min 71 , P 0.051). No difference in average heart rate was found between the medium and high fat diets, and no dayÂgroup interactions were present in average daytime or sleeping heart rates. No differences were found between the two groups in SPA (formerly obese vs controls daytime day 1: 12.5AE 1.0 vs 13.0AE 0.9, P 0.72; day 4: 12.1AE 0.9 vs 12.8 AE 0.9, P 0.60).
Discussion
After accounting for the group difference in energy balance, caused by the trend to a lower EE in the Figure 2 Twenty-three-hour pro®les of non-protein respiratory quotient (RQnp) for each day in the two study groups, measured in a respiration chamber. Squares: formerly obese. Dots: controls. Error bars indicate s.e.m.
Figure 3
Association between day 4 energy expenditure (EE) MJ/24 h, while consuming the high fat diet and fasting free triiodothyronine (T 3 ) to free thyroxine (T 4 ) concentration ratio in plasma measured the morning after the experiment (day 5). R 2 0.34, P 0.02. Squares: formerly obese subjects. Dots: controls.
Substrate oxidations in formerly obese women B Buemann et al formerly obese subjects compared to the control group, similar RQnp and response of RQnp to the shift in dietary macronutrient composition, were found in the two groups. The slight decline in fasting blood glucose concentration after the high fat diet period, probably re¯ects a reduced hepatic glycogen level and this may be one of the factors mediating the increased relative fat oxidation. In contrast to the similar study performed by Schrauwen et al 8 the present study failed to detect an increase in plasma NEFA concentration with the high fat diet.
The increase in RQnp due to the largest meal was higher in the formerly obese subjects when consuming the high fat diet. This is in agreement with a previous report from our department. 24 An exaggerated postprandial insulin action or some deviations in the metabolism of the absorbed fat, could therefore be speculated to be associated with a predisposition to weight gain. Hence, although the lower relative postprandial fat oxidation in the formerly obese group did not, in this study, result in a signi®cantly higher 23 h RQnp, it may be hypothesized that factors in¯uencing postprandial metabolism, contribute to the establishment of a positive fat balance, when an unrestricted diet is consumed.
Lower plasma levels of free T 3 and free T 3 aT 4 in the formerly obese women, were observed contemporary with a positive association between free T 3 aT 4 and 24 h EE. This is in agreement with another study based on 28 formerly obese and 28 never obese individuals, that found a lower plasma free T 3 level in the formerly obese subjects, which statistically explained a lower 24 h EE in this group. 17 However, no signi®cant group difference in 24 h EE was found in the present study, possibly due to the small number of subjects. Results from studies of larger groups, suggest that thyroid hormone levels within the normal range, may play a role as a determinant of metabolic rate. 18, 19 Moreover, Substrate oxidations in formerly obese women B Buemann et al that a signi®cant day x group interaction in free T 3 /T 4 was found in the present study, implies that thyroid hormones may respond differently to a high fat diet in some individuals prone to weight gain (the formerly obese, in contrast to the control subjects, demonstrated a decrease from day 2 to day 5 in free T 3 /T 4 ). Dietary energy restriction, decreases the rate of conversion of T 4 to T 3 20 and plasma concentration of T 3 . 20 ± 22 It could therefore be argued that the lower T 3 /T 4 in the formerly obese women, could re¯ect that these subjects had restricted their energy intake prior to the study. We consider this unlikely, as we followed most of these subjects during the previous two months before the experiment, to verify that they were not dieting. Moreover, lower free T 3 and free T 3 /T 4 ratio were most pronounced and only signi®cant after the high fat diet, where energy balance had been less negative in the formerly obese subjects than in the controls.
In line with previous studies demonstrating that the adaptation in oxidative substrate partitioning requires some days, 5 ± 8 RQnp adjusted to zero energy balance was signi®cantly higher than FQnp on the ®rst and second day after the introduction of the high fat diet, but it declined to a level identical to FQnp after three days. A study by Schrauwen et al, 8 which imposed a similar acute reduction in FQ through a controlled diet, reported that more than three days were needed for the oxidation to adjust to the new substrate composition. This may be explained by the fact that energy balance was better in Schrauwen's study and that glycogen stores may therefore have been reduced at a slower rate than in the present study.
The response in plasma triglyceride to sudden alterations in dietary carbohydrate content, is well documented and explained by an impact on hepatic triglyceride production. 23 The lower fasting plasma triglyceride concentration on the high fat diet, compared to the medium fat diet found in the present study, is therefore in agreement with previous observations.
Conclusions
The previous ®nding of a more pronounced postprandial reduction in fat oxidation in formerly obese subjects 24 was supported by the present study. However, earlier observations indicating a lower 24 h fat oxidation in formerly obese subjects, independent of energy balance, were not con®rmed in this study, in which diet composition was controlled throughout a ®ve-day period. Furthermore, the study con®rms an association between physiological levels of plasma thyroid hormones and EE. It also implies that thyroid hormones may be involved in the lower metabolic rate in formerly obese subjects observed in some studies. 
